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This  final  report  describes  the  design,  fabrication  and  test  of  a  metal- 
grid  spatial  filter.  The  filter  is  a  5x5  foot  flat  panel  incorporating  4 
layers  of  crossed  wire  grids  in  a  supporting  structure  of  dielectric  skins 
and  dielectric  honeycomb  material. 

The  spatial  filter  passes  an  electromagnetic  wave  incident  within  its 
angular  passband  centered  on  normal  incidence,  but  reflects  the  wave  if  it 
is  incident  beyond  about  30°  in  the  angular  reject  band.  This  result  is 
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obtained  for  any  polarization  of  the  wave.  The  filter  operates  at  9  GHz, 
and  has  a  bandwidth  of  about  1  GHz  for  passing  a  wave  at  normal  Incidence. 

The  measured  characteristics  of  the  spatial  filter  are  close  to  those 
expected  from  analysis  and  previous  tests  of  metal  grids.  There  is  more 
rejection  for  angles  of  incidence  in  the  H  plane  than  for  incidence  in 
the  E  plane. 

Placement  of  the  spatial  filter  in  front  of  a  reflector  antenna  results  in 
a  significant  reduction  of  antenna  sidelobes  beyond  30°  from  the  main 
beam  in  both  the  H  plane  and  the  E  plane.  There  is  only  a  slight  degrada¬ 
tion  of  the  antenna  sidelobes  within  the  angular  passband  of  the  filter. 
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SECTION  1 


INTRODUCTION > 

Spatial  filters  offer  the  potential  for  reducing  sidelobes 
in  the  radiation  patterns  of  directive  antennas.  An  investigation 
of  metal-grid  spatial  filters  has  been  conducted  by  Hazeltine 
Corporation  for  RADC/ET.  The  program  included  study  of  metal 
grids,  analysis  of  spatial  filter  designs,  study  of  filter/antenna 
perf ormance ,  and  the  design,  fabrication  and  testing  of  a  5'  x  5' 
filter. 

Reference  1  reported  the  results  of  the  first  phase  of  this 
program.  In  that  report  the  basic  features  of  a  metal-grid  spatial 
filter  were  first  described;  then  the  results  of  a  study  and  com¬ 
puter  analysis  were  presented.  This  analysis  included  consideration 
of  many  filter  characteristics  and  the  important  question  of  their 
sensitivity  to  tolerances.  Also  described  were  measurements  of 
metal  grids  and  dielectric  supports  in  waveguides  simulating 
angles  near  grazing  in  the  E  plane  and  angles  near  broadside. 

The  following  report  presents  the  results  of  the  second  phase 
of  the  program;  the  design,  fabrication  and  test  of  a  metal  grid 
spatial  filter.  First  this  report  reviews  the  concept  of  a 
spatial  filter  and  then  it  outlines  the  choices  available  to  con¬ 
struct  the  elements  comprising  the  filter.  Next  is  a  discussion 
of  the  relationship  between  certain  filter  characteristics  (re¬ 
flection  coefficient,  insertion  phase)  and  tolerances  on  the  filter 
elements  (layer  susceptance  and  layer  spacing) .  The  results  of 
the  tolerance  analysis  (presented  in  detail  in  reference  1)  were 
applied  in  selecting  the  filter  fabrication  technique,  and  in 
choosing  the  "strength"  of  the  filter. 


Ref.  1  -  P.  W.  Hannan,  P.  L.  Burgmyer,  "Metal-Grid^  Spatial 
Filter",  Interim  Technical  Report  RADC-  TRr79-295, 
by  Hazeltine  Corp. ,  July  1980. 
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The  test  results  on  a  5  ft.  square  metal-grid  spatial 
filter,  and  a  comparison  with  theoretical  calculations,  is  presented 
in  Section  6.  In  addition,  measurements  of  the  spatial  filter  in 
conjunction  with  a  reflector  antenna  are  also  presented  in  this 
section.  Figure  1-1  is  a  photograph  of  the  spatial  filter  being 
tested  on  the  antenna  range.  Finally,  concluding  remarks  are 
given  in  Section  7. 


Figure  1-1  Photograph  of  Spatial  Filter  in  Front  of  Antenna  on 
Antenna  Range 
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SECTION  2 

THE  METAL  GRID  SPATIAL  FILTER 

2,1  BACKGROUND 

Spatial  filters  comprising  layers  of  dielectric  have  been 
synthesized  and  analyzed  by  Mailloux  (Ref. 2).  Raytheon,  under 
contract  to  RADC,  has  extended  this  synthesis  and  has  tested  an 
experimental  model  of  a  dielectric  filter  (Ref.  3,  4). 

Spatial  filters  utilizing  layers  of  metal  grids  have  been 
proposed  by  Schell  et  al  (Ref.  5)  and  studied  by  Mailloux  (Ref.  6) . 
Experiments  with  some  metal-grid  filters  have  been  performed  by 
Rope  et  al  (Refs.  7,  8).  Mailloux  and  Franchi  have  analyzed  and 


Ref.  2  -  R.  J.  Mailloux,  "Synthesis  of  Spatial  Filters  with 

Chebyshev  Characteristics",  IEEE  Trans.  Antennas  and 
Propagation,  pp.  174-181;  March,  1976. 

Ref.  3  -  J.  H.  Pozgay,  S.  Zamoscianyk,  L.  R.  Lewis,  "Synthesis 
of  Plane  Stratified  Dielectric  Slab  Spatial  Filters 
Using  Numerical  Optimization  Techniques",  Final 
Technical  Report  RADC-TR-76-408  by  Raytheon  Co., 
December,  1976. 

Ref.  4  -  J.  H.  Pozgay,  "Dielectric  Spatial  Filter  Experimental 
Study",  Final  Technical  Report  RADC-TR-78-248  by 
Raytheon  Co.,  November,  1978. _ 

Ref.  5  -  A.  C.  Schell  et  al,  "Metallic  Grating  Spatial  Filter 

for  Directional  Beamforming  Antenna"  AD-D002-623 ; 
April,  1976. 

Ref.  6  -  R.  J.  Mailloux,  "Studies  of  Metallic  Grid  Spatial 

Filters",  IEEE  AP-S  Int.  Symp.  Digest,  p.  551;  1977. 

Ref.  7  -  E.  L.  Rope,  G.  Tricoles,  0-C  Yue,  "Metallic  Angular 

Filters  for  Array  Economy",  IEEE  AP-S  Int.  Symp. 
Digest,  pp.  155-157;  1976. 

Ref.  8  -  E.  L.  Rope,  G.  Tricoles,  "An  Angle  Filter  Containing 

Three  Periodically  Perforated  Metallic  Layers", 

IEEE  AP-S  Int.  Symp.  Digest,  pp.  818-820;  1979. 


2-1 


tested  experimental  models  of  metal-grid  filters  (Taf.  9). 

In  comparison  with  dielectric  filters,  filtr  that  use 
metal  grids  offer  reduced  weight  and  fabrication  cost.  Also, 
pure  metal  grids  do  not  have  the  dielectric  Brewster-angle  effect 
that  can  cause  a  spurious  passband  for  E-plane  incidence.  How¬ 
ever,  metal  grids  are  generally  supported  by  dielectric  layers, 
so  the  question  of  spurious  passbands  remains;  this  was  addressed 
in  the  first  phase  of  this  investigation  (Ref.  1,  10) . 

Ref.  9  -  R.  J.  Mailloax  and  P.  R.  Franchi,  "Metal  Grid  Angular 

Filters  for  Sidelobe  Suppression",  RADC-TR-79-10; 

January  1979. 

Ref.  10  -  P.  W  Hannan  and  J.  F.  Pedersen,  "Investigation  of 

Metial-Grid  Angular  Filters",  Proceedings  of  the  1980 
Antenna  Applications  Symposium,  Allerton  Park,  Illinois; 
September  1980. 
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2.2  PURPOSE  OP  SPATIAL  FILTER 

A  spatial  filter  is  a  device  which  passes  or  rejects  an 
electromagnetic  wave  depending  on  the  angle  of  incidence  of 
this  wave  relative  to  the  filter  surface.  A  representative 
spatial  filter  is  indicated  in  Figure  2-1 (a),  in  which  waves 
incident  at  and  near  broadside  (normal  incidence)  are  passed 
by  the  filter  but  waves  incident  at  angles  further  from  broad¬ 
side  are  rejected  by  the  filter. 

If  a  spatial  filter  is  placed  in  front  of  a  directive  antenna, 
it  can  reduce  those  sidelobes  of  the  directive  antenna  that  cor¬ 
respond  to  waves  that  are  incident  in  the  angular  reject  band  of 
the  filter.  The  main  lobe  of  the  antenna  corresponds  to  a  wave 
that  is  incident  in  the  angular  passband  of  the  antenna,  and  is 
not  substantially  affected  by  the  filter.  This  case  is  indicated 
in  Figure  2-1 (b) . 

The  antenna  may  have  either  a  fixed  main  beam  or  a  main  beam 
that  is  scanning  over  a  limited  angular  region.  For  a  scanning 
beam  antenna,  the  angular  passband  of  the  spatial  filter  can 
encompass  the  scan  region  so  that  the  main  beam  is  always  passed 
but  potential  grating  lobes  may  be  rejected.  This  application  was 
considered  by  Mailloux  (Ref.  2) .  For  a  fixed-beam  antenna  such 
as  the  reflector  antenna  indicated  in  Figure  2-1 (b),  the  spatial 
filter  can  reduce  the  sidelobes  caused  by  feed  spillover,  feed- 
support  scattering,  and  reflector  contour  errors  while  retaining 
a  strong  main  beam.  The  reflector  antenna  application  is  the 
principal  one  that  is  considered  in  this  program. 

2.3  PRINCIPLE  OF  SPATIAL  FILTER 

The  spatial  filters  investigated  in  this  program  operate  in 
accordance  with  a  single  basic  principle.  This  principle  appears 
in  Reference  5,  and  is  repeated  in  the  following.  As  indicated 
in  Figure  2-2  che  spatial  filter  comprises  a  series  of  layers. 

Each  layer  acts  essentially  as  a  shunt  susceptance  to  an  incident 
plane  wave.  Between  these  susceptance  layers  are  regions  of 
essentially  free  space  in  which  the  plane  wave  travels  in  almost 
the  same  direction  as  its  incidence  direction. 


SPATIAL 

FILTER  IDEAL  FILTER 


(a)  basic  function 


(b)  application  to  reflector  antenna 


Figure  2-1  Purpose  j£  Spatial  Filter 


In  a  transmission- line  equivalent  circuit  of  this  spatial 
filter  the  equivalent  wavelenqth  or  '•guide"  wavelength  (Xg)  is 
equal  to  the  free-space  wavelength  divided  by  co*  0  where  6  is 
the  angle  of  incidence.  The  phase  shift  between  layers  is  there¬ 
fore  proportional  to  cos  6  as  well  as  to  frequency.  The  nominal 
values  for  the  susceptance  layers  ai.d  the  phase  shifts  between 
layers  can  be  specified  so  as  to  yield  a  conventional  frequency 
filter.  However,  because  the  phase  shifts  between  layers  are 
proportional  to  cos  6  as  well  as  to  frequency/  the  structure  will 
also  act  an  an  angle-sensitive  filter  in  which  the  term  cos  6  is 
the  variable  of  significance.  The  net  result  is  that  the  spatial 
filter  can  be  designed  on  the  basis  of  a  conventional  frequency 
filter. 
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SECTION  3 


CONSTRUCTION  OF  A  METAL-GRID  SPATIAL  FILTER 

3.1  INTRODUCTION 

It  is  the  purpose  of  this  section  to  discuss  the  choices 
available  to  fabricate  a  metal-grid  spatial  filter.  First,  the 
alternatives  that  may  be  used  to  construct  the  metallic-grid 
layers  will  be  compared  to  the  practical  considerations  of  realiz¬ 
ing  the  susceptance  values  of  typical  filters.  Consideration 
will  also  be  given  to  filter  size  and  its  relationship  to  the 
choice  of  crossed  grids  or  parallel  grids. 

This  section  will  also  discuss  tne  effect  that  dielectric 
material  has  on  the  performance  of  a  spatial  filter.  Dielectric 
material  is  needed  tc  support  the  susceptance  layers  and  to  space 
the  layers  from  each  other.  The  specific  dielectric  material 
selected  for  the  filter  fabricated  during  this  program  will  be 
discussed  in  Section  5. 

3 . 2  LAYER  SUSCEPTANCE 

A  metal-grid  spatial  filter  comprises  a  series  of  metal- 
grid  susceptance  layers.  Each  susceptance  layer  is  spaced  from 
the  others  in  accordance  with  the  design  equations  of  conventional 
frequency  filters.  The  susceptance  layer  of  a  spatial  filter  may 
be  made  from  several  types  of  metallic  grids.  An  early  selection 
can  be  made  between  certain  types  of  metallic  grids  for  those 
cases  where  the  performance  is  clearly  preferable  to  another. 

In  other  cases  the  choice  is  more  complex  and  the  selection  depends 
upon  factors  relating  to  the  physical  dimensions  of  the  filter  as 
well  as  the  electrical  specification  of  frequency,  angular  pass- 
band  width,  angular  rejection  etc. 

Inductive  or  Capacitive  Grid 

One  choice  that  can  be  made  is  between  an  inductive  sus¬ 
ceptance  or  a  capacitive  susceptance  for  the  metal  grid,  as  in¬ 
dicated  in  Figure  3-1.  The  central  layers  in  a  spatial  filter 
typically  require  rather  large  values  of  susceptance.  These 
large  values  are  easily  obtainable  with  a  non-resonant  inductive 
grid  by  using  a  closely-spaced  grid.  On  the  other  hand  large 


3-1 


INDUCTIVE 


CAPACITIVE 


,  r.LAr.lA.M  \A  ,  , 

ZZZ/ZZZZZ / ZcZZ 

TIT 


L 


Metal 


L  Natal 


Figure  3-1  Inductive  and  Capacitive  Metal  Grids 
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Figure  3-2  Crossed  and  Parallel  Inductive  Metal  Grids 


susceptance  values  with  a  non-rasonant  capacitive  grid  require 
very  small  capacitive  gaps  that  would  be  difficult  to  cont  ol  to 
an  acceptable  tolerance.  The  alternative,  a  resonant  capacitive 
grid,  would  degrade  the  frequency  behavior  of  the  filter  and 
would  also  have  a  problem  of  tolerance  control. 

Another  factor  of  significance  is  the  strong  potential  for 
spurious  passbands  in  the  E-plane  of  incidence  with  a  capacitive 
metal  grid  supported  by  a  dielectric  skin.  Wi Lh  an  inductive 
metal  grid  this  potential  also  exists  but  to  a  lesser  degree. 

For  these  reasons  an  inductive  susceptance  has  been  selected  for 
the  metal-grid  spatial  filter. 

Crossed  Grid  or  Parallel  Grid 

Another  choice  that  can  be  made  is  between  a  crossed  in¬ 
ductive  grid  and  a  parallel  inductive  grid,  as  indicated  in 
Figure  3-2.  A  spatial  filter  using  crossed  grids  is  capable  of 
providing  the  desired  rejection  outside  the  passband  for  incident 
waves  of  any  polarization.  With  a  spatial  filter  using  only  paral 
lei  grids,  incident  waves  polarized  perpendicular  to  the  wires 
would  pass  through  the  filter  virtually  unaffected. 

In  a  reflector  antenna  designed  for  linear  polarization, 
some  of  the  sidelobe  radiation  can  be  cross  polarized.  For 
example,  wide-angle  radiation  from  currents  in  the  feed  supports 
and  from  spillover  beyond  the  edge  of  the  reflector  can  contain 
appreciable  cross-polarized  components.  A  spatial  filter  using 
parallel  grids  would  not  reject  these  cross-polarized  sidelobes. 

Of  course,  with  a  reflector  antenna  designed  for  circular  polariza 
tion  or  dual  polarization  a  spatial  filter  using  parallel  wire 
grids  would  not  adequately  reject  even  the  normally-polarized  side 
lobes.  A  spatial  filter  using  crossed  grids  is  clearly  more 
effective  for  these  applications. 

A  crossed  inductive  grid  has  some  problems  of  construction 
in  large  sizes  as  well  as  some  complexities  of  behavior  vs.  angle 
of  incidence.  However,  the  crossed  grid  has  beer  selected  for 
the  metal-grid  spatial  filter,  because  of  its  capability  for 
providing  a  spatial  filter  having  adequate  rejection  for  all  polar 
izations. 
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Configuration  of  Crossed  Grid 

There  are  several  practical  configurations  th.»t  are  capable 
of  providing  an  inductive  crossed  metal  grid,  x  .:se  configurations 
may  be  separated  into  two  categories:  (1)  contacting  crossed 
grids,  and  (2)  insulated  crossed  grids.  With  the  contacting 
crossed  grids,  the  crossed  sets  of  parallel  conductors  have 
electrical  contact  at  all  the  crossing  points.  With  the  insulated 
crossed  grids  there  is  no  conductive  path  between  the  crossed 
sets  of  parallel  conductors,  although  there  is  some  capacitance. 
Also  the  two  crossed  sets  of  parallel  conductors  in  en  insulated 
crossed  grid  are  typically  slightly  displaced  from  each  other. 

Two  configurations  for  the  contacting  crossed  grids  are  of 
interest.  One  configuration  is  flat  metal  strips  on  a  sheet  of 
dielectric,  as  indicated  in  Figure  3-3 (a).  A  good  method  for 
obtaining  this  configuration  is  to  use  conventional  printed-circuit 
technology  in  which  a  copper-clad  sheet  of  thin  dielectric  is 
selectively  etched,  leaving  the  desired  pattern  of  copper  on  th° 
dielectric  sheet.  This  method  is  best  suited  to  structures 
which  are  flat,  which  is  expected  to  be  the  case  for  a  typical 
spatial  filter.  A  limitation  of  this  method  is  that  an  area  as 
large  as  that  typically  required  for  a  spatial  filter  cannot  be 
obtained  from  a  single  printed-circuit  panel.  Assembling  several 
printed-circuit  sheets  is  possible  but  presents  some  practical 
difficulties  of  securing  the  necessary  electrical  contact  in  all 
the  conductors  across  adjacent  sheets. 

The  other  configuration  for  a  contacting  crossed  grid  is 
holes  in  a  metal  sheet,  as  indicated  in  Figure  3-3(b).  A  thin 
dielectric  sheet  bonded  to  the  holed  metal  sheet  may  be  needed 
for  strength  and  for  assembly  in  a  multi-layer  spatial  filter.  A 
limitation  of  the  holed  metal  sheet  configuration  again  is  the 
area  that  can  be  constructed  with  a  single  sheet;  however,  this 
area  is  typically  larger  than  that  available  with  the  strip  con¬ 
struction  described  above.  Round  holes,  as  shown  in  the  figure, 
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are  easily  obtainable  with  rather  good  control  of  tolerances 
when  large  susceptance  is  desired.  However ,  small  values  of 
susceptance  with  round- non- re  sonant  holes  requius  the  holes  to 
be  nearly  touching  which  may  be  difficult  to  achieve  reliably. 
Approaching  resona  ,ce  by  the  addition  of  a  major  amount  of  di¬ 
electric  would  reduce  the  susceptance  of  the  round  holes  but 
would  complicate  the  frequency  behavior  of  the  filter  and  would 
create  problems  of  dielectric  tolerance  control.  An  approach 
that  can  overcome  this  problem  is  to  use  a  procedure  for  con¬ 
structing  the  holes  that  makes  them  nearly  square  instead  of 
round. 

For  the  insulated  crossed  grids  there  are  also  two  configura¬ 
tions  of  interest.  One  configuration  is  crossed  grids  of  round 
metal  wires  embedded  in  a  thin  dielectric  sheet  as  indicated  in 
Figure  3-4 (a).  Many  different  antennas  have  used  this  type  of 
construction  for  their  reflecting  surfaces,  and  curved  as  well  as 
flat  surfaces  can  be  made.  There  is  not  a  clear  limitation  of 
area  with  this  wire  configuration,  although  very  large  areas  would 
require  special  construction  techniques.  The  behavior  of  this 
insulated  crossed  grid  for  E-plane  incidence  is  more  complex  than 
that  of  a  contacting  crossed  grid,  and  may  be  more  subject  to  pos¬ 
sible  spurious  passfcands 

The  other  insulated  crossed  grid  configuration  is  flat  metal 
strips  on  different  dielectric  sheets  for  the  two  crossed  grids, 
as  indicated  in  Fiqure  3-4 (b).  This  configuration  avoids  some  of 
the  area  limitation  inherent  with,  printed-circuit  construction  because 
printed  circuits  can  usually  be  made  longer  in  one  dimension  than 
the  other.  If  the  long  dimension  is  parallel  to  the  conductors  in 
each  grid,  a  larger  area  can  be  assembled  while  avoiding  the  need 
for  providing  electrical  contact  across  adjacent  sheets.  As  with 
the  crossed  wires,  the  behavior  of  this  insulated  crossed  strip 
grid  for  E-plane  incidence  is  more  complex  than  that  of  the  con¬ 
tacting  crossed  strip  grid,  and  may  be  more  subject  to  possible 
spurious  passbands. 
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3.3  DIELECTRIC  SUPPORT  STRUCTURE 

Ideally  the  metal-grid  spatial  filter  comprises  several 
layers  of  metal  grids  separated  by  regions  of  e:  -an ti ally  free 
space.  For  a  structure  that  is  mechanically  sound,  it  is  nec¬ 
essary  to  support  the  metal-grid  layers  with  dielectric  material. 

A  representative  construction  is  indicated  in  Figure  3-5.  To 
separate  the  metal-grid  layers  a  dielectric  core  material  such 
as  honeycomb  or  foam  is  used.  To  lend  mechanical  strength  to 
the  metal  grid,  it  is  typically  bonded  to  or  embedded  in  a  thin 
dielectric  skin.  Both  the  spacers  and  the  skins  can  have  an 
effect  on  the  performance  of  the  spatial  filter. 

Dielectric  Core  Effects 

The  dielectric  core  material  has  a  dielectric  constant  k 
only  slightly  greater  than  un^ty.  This  low  dielectric  constant 
is  desired  in  order  to  retain  the  wave  angle  within  the  spatial 
filter  as  close  as  possible  to  the  angle  of  the  wave  incident  on 
the  spatial  filter.  The  principal  effect  of  a  low-k  core  on 
the  passband  of  the  spatial  filter  can  be  compensated  by  a 
simple  change  of  the  separation  between  the  metal-grid  layers. 

The  dissipative  loss  of  the  core  material,  while  usually  not 
substantial  for  ordinary  radome-type  applications,  can  be  ap¬ 
preciable  in  the  spatial  filter  because  of  the  increased  electric 
field  in  the  core  material  caused  by  the  resonant  behavior  of 
the  spatial  filter  in  its  passband.  Also,  variations  of  the  di¬ 
electric  constant  of  the  core  material  caused  by  non-uniform 
density  or  by  anisotropy,  although  small,  can  contribute  to  a 
degradation  of  spatial-filter  performance. 

An  additional  effect  of  the  dielectric  core  material  is  the 
modification  of  the  spatial  filter  rejection  for  large  angles 
of  incidence  in  the  E-plane.  While  the  reflection  of  a  crossed 
metal  grid  tends  toward  zero  at  0  -  90°  in  the  E-plane,  the 
reflection  of  a  dielectric  tends  toward  unity  at  0  =  90°.  This 
is  true  for  the  low-k  spacer  material  even  though  such  material 
has  a  very  small  reflection  near  broadside.  It  happens  that  beyond 
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Figure  3-5  Dielectric  Support  Structure  for  Metal 
Grids  in  a  Spatial  Filter 


the  Brewster  angle  in  the  E-plane  of  incidence  the  reflection 
of  the  dielectric  core  material  tends  to  reinforr .  the  reflection 
of  an  inductive  metal  grid.  This  is  fortunate  ior  the  rejection 
performance  of  a  spatial  filter,  because  otherwise  the  grid  and 
spacer  reflections  could  cancel  at  some  large  angle  of  incidence 
in  the  E-plane,  giving  a  spurious  passband.  instead,  the  re¬ 
jection  of  the  filter  is  enhanced  by  the  core  material  at  large 
incidence  angles  in  the  E-plane. 

In  the  H-plane  of  incidence,  the  reflection  of  dielectric 
material  tends  to  subtract  from  the  reflection  of  a  crossed 
metal  grid.  However,  the  reflection  of  the  metal  grid  tends 
toward  unity  at  0  =  90°  in  the  H-plane,  and  it  predominates 
over  the  dielectric  reflection.  Therefore,  there  is  no  opportunity 
for  a  spurious  passband  in  the  H-plane  of  incidence.  Also, 
the  modification  of  the  H-plane  rejection  characteristic  of  the 
metal  grid  by  the  dielectric  material  is  not  very  important 
because  the  rejection  provided  by  a  crossed  metal  grid  at  large 
angles  in  the  H-plane  is  large  compared  with  that  in  the  E-plane. 

Dielectric  Skin  Effects 

Metal  grids  consisting  of  thin  strips  or  small-diameter 
wires  should  be  bonded  to  or  embedded  in  a  dielectric  skin  in 
order  to  have  mechanical  integrity.  Holes  in  a  metal  sheet  are 
also  likely  to  need  a  dielectric  skin  because  of  the  thi:.  metal 
cross-section  between  holes  required  to  obtain  low  values  of  non¬ 
resonant  susceptance.  A  typical  dielectric  skin  is  fiberglass 
with  a  dielectric  constant  of  about  4  and  a  thickness  of  about 
0.030  inches. 

The  basic  effect  of  a  dielectric  skin  on  the  passband  of 
the  spatial  filter  can  be  compensated  approximately  by  a  change 
in  the  susceptance  of  the  metal,  grid.  A  thin  dielectric  skin 
behaves  approximately  as  a  capacitive  susceptance  with  the  follow¬ 
ing  value  at  broadside  incidence: 


B 


skin 
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where  t  is  the  thickness  of  the  skin  and  k  is  its  dielectric 
constant.  The  inductive  susceptance  of  the  metal  grid  should 
be  increased  by  approximately  this  value  in  order  to  retain  the 
original  filter  behavior  at  broadside  incidence.  The  dissipative 
loss  of  the  skin,  in  contrast  to  that  of  the  core,  is  not  enhanced 
by  the  filter  resonance. 

The  dielectric  skin  also  modifies  the  spatial  filter  re¬ 
jection  for  large  angles  of  incidence  in  the  E-plane.  At 
incidence  angles  very  close  to  grazing  incidence  in  the  E-plane 
the  dielectric  skin  can  increase  the  filter  rejection.  However 
at  other  incidence  angles  in  the  E-plane,  the  dielectric  skin 
can  decrease  the  filter  rejection. 

For  a  more  detailed  discussion  that  includes  computed  and  measured 
results  on  E-plane  rejection  of  metal  grids  with  dielectric 
support,  the  reader  should  refer  to  reference  1. 
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SPATIAL  FILTER  DESIGN  ANALYSIS 

4.1  PURPOSE  OF  DESIGN  ANALYSIS 

It  was  the  objective  of  the  analysis  completed  during  the 
first  phase  of  this  investigation  (ref.  1)  to  examine  the  basic 
tradeoffs  between  the  filter  parameters  of  passband  width,  pass- 
band  ripple,  and  number  of  poles,  and  the  related  qualities  such 
as  stop-band  rejection,  cutoff  slope,  frequency  bandwidth,  and 
sensitivity  to  tolerances.  For  this  purpose  only  the  essential 
elements  of  the  filter,  the  susceptances  and  the  lengths,  were 
considered,  without  the  perturbing  effect  of  the  dielectric 
materials  that  would  be  needed  in  a  self-supporting  construction. 
A  basic  factor  that  limits  the  performance  available  from  the 
spatial  filter  is  the  sensitivity  to  tolerances;  this  subject  is 
considered  later  in  this  section. 

4.2  BASIC  FILTER  DESIGN 

The  design  of  the  spatial  filter  follows  conventional  fre¬ 
quency  filter  methods,  which  are  well-documented  in  the  litera¬ 
ture  (Ref.  11) .  The  narrowband  design  technique  of  Ref.  11  is 
used  since  it  is  straightforward  and  is  adequate  for  the  major 
purposes  of  this  study.  A  Chebyshev  equal-ripple  type  has  been 
selected  by  reason  of  its  characteristic  sharp  cutoff  beyond 
the  passband.  For  any  desired  combination  of  passband  width, 
number  of  poles,  and  passband  ripple,  the  filter  element  values 
can  be  determined.  For  speed  and  accuracy,  a  computer  provides 
the  nominal  filter  element  values,  i.e.,  the  various  lengths  and 
susceptances  in  each  filter. 


Ref.  11  -  G.  L.  Matthaei,  L.  Young,  E.  M.  T.  Tones,  "Microwave 
Filters,  Impedance-Matching  Networks,  and  Coupling 
Structures",  McGraw-Hill,  pp.  85-101,  450-452;  1964. 


Nominal  element  values  have  been  obtained  for  a  number  of 
2-,  3-,  and  5-pole  filters  of  various  passband  widi.hs  and  rip¬ 
ple  values.  The  passband  widths  are  grouped  ir.  hree  represen¬ 
tative  values  within  a  +10°  to  +20*  range,  and  ripple  values 
range  upward  and  downward  from  a  typical  value  of  .01  dB  trans¬ 
mission  loss.  Table  4-1  lists  the  various  designs  and  identifies 
each  with  a  code  indicating  the  design  values.  The  letters  A,  h, 
and  C  denote  passband  widths  of  ±11.5,  ±14  or  ±18  degrees;  the 
first  number  indicates  the  number  of  poles;  and  the  second  number 
counts  the  number  of  zeroes  in  the  ripple  dB  value. 

The  element  designations  for  the  various  filters  are  illus¬ 
trated  in  Figure  4-1  and  are  tabulated  in  Table  4-2.  In  this  table 
the  lengths  are  given  both  in  electrical  degrees  and  in  inches  at 
a  design  frequency  of  9.5  GHz  (lengths  in  inches  are  needed  in  some 
tolerance  studies) .  It  can  be  seen  from  the  table  that  the  lengths 
approach  a  half  wavelength  as  the  susceptance  values  become  large. 

4 .3  NOMINAL  FILTER  PERFOFMANCE 

For  each  of  the  selected  filter  designs,  performance  with 
nominal  element  values  has  been  computed  and  plotted  in  reference 
1.  The  plots  include  transmission  loss,  reflection  coefficient, 
and  insertion  phase  as  a  function  of  incidence  angle  in  both  the 
H-plane  and  the  E-plane.  In  addition,  computed  values  of  cut¬ 
off  slope  at  the  -6  dB  transmission  point,  rejection  at  25°  and 
45°  off  broadside,  and  reflection  coefficient  and  insertion  phase 
at  broadside  (or  nominal)  incidence  have  been  obtained  and  tabulated 
in  reference  1. 

An  interesting  correlation  relating  the  sum  of  all  the  suscep¬ 
tive  elements  of  a  filter  to  the  rejection  that  the  filter  provides 
at  45°  incidence  is  shown  in  Figure  4-2.  For  a  given  quantity  of 
poles  a  single  curve  relates  the  rejection  to  the  total  susceptance, 
reqardless  of  passband  width  or  ripple  level.  More  poles  tend  to 
give  greater  rejection  for  a  given  total  susceptance,  particularly 
for  filters  with  large  rejection.  An  example  of  the  complete  trans¬ 
mission  characteristics  of  an  all  metal-grid  filter  is  shown  in 
Figure  4-3  for  a  filter. 
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TABLE  4-1 

FILTER  IDENTIFICATION  CODE 


Filter 

Cod* 

Passband 

Width  (deq) 

Quantity 
of  Poles 

Ripple 

(dB) 

A20 

£  11.5 

2 

.1 

A21 

19 

« 

.01 

A22 

99 

99 

.001 

B20 

±  14.0 

19 

.1 

B21 

19 

19 

.01 

B22 

99 

W 

.001 

C20 

±  18.0 

19 

.1 

C2X 

19 

ft 

.01 

C22 

19 

* 

.001 

A31 

t  11.5 

3 

.01 

A32 

ft 

it 

.001 

B31 

±  14.0 

« 

.01 

B32 

99 

19 

.001 

C31 

±  18.0 

H 

.01 

C32 

99 

19 

.001 

A51 

±  11.5 

5 

.01 

AS2 

«9 

91 

.001 

A54 

91 

.00001 

A56 

It 

19 

.0000001 

B51 

±  14.0 

H 

.01 

B52 

If 

99 

.001 

B54 

19 

99 

.00001 

B56 

If 

19 

.0000001 

C51 

t  18.0 

19 

.01 

CS2 

If 

19 

.001 

C54 

91 

19 

.00001 

C56 

It 

99 

.0000001 
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FILTER 

CODE 


A20 


A2I 


ASS 


6  SO 


6S1 


633 


cso 


C2I 


css 


A3I 


A  33 


&3I 


633 


a  z\ 


C33 


TABLE  4-2 

ELEMENT  VALUES  FOR  BROADSIDE-CENTERED  FILTERS 
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igure  4-3  Transmission,  Filter  B32 ,  H  and  E  Planes 


4.4  FILTER  ELEMENT  TOLERANCES 

For  all  the  filter  designs  considered,  the  variation  in  re¬ 
flection  and  insertion  phase  with  percentage  chc  >ges  in  element 
values  have  been  computed  at  broadside  (or  nominal)  incidence. 

The  results  have  been  expressed  as  "standard  tolerances",  or  the 
percentage  change  in  all  susceptances  or  all  lengths  causing 
either  5°  change  in  insertion  phase  or  0.2  change  in  reflection 
coefficient  of  the  filter.  The  5*  A$ i  and  0.2  AR  have  been  ar¬ 
bitrarily  chosen  as  standard  allowable  errors  of  filter  perform¬ 
ance  at  broadside.  In  this  way,  a  common  "medium  of  exchange" 
that  can  be  related  to  mechanical  or  material-property  tolerances 
in  practical  filters  has  been  established. 

The  significance  of  the  properties  considered  lies  in  the 
application  of  the  spatial  filter  in  passing  the  main  beam  of  a 
reflector  antenna  while  reducing  the  sidelobe  radiation  that  occurs 
in  the  stopband  of  the  filter.  The  filter  reflection  at  the  main- 
beam  incidence  angle  (broadside)  usually  passes  directly  back  into 
the  antenna,  and  therefore  must  be  limited.  The  filter  insertion 
phase  at  broadside,  if  not  uniform  over  the  entire  area  of  the 
antenna  aperture,  will  perturb  the  aperture  illumination  and 
generate  sidelobes  in  the  radiation  pattern  of  the  antenna/filter 
combination. 

Computation  of  the  "standard  tolerance"  based  on  insertion 
phase  is  illustrated  in  Figure  4-4.  Filter  performance  with  a 
length  increased  1%  was  computed,  and  the  change  in  insertion 
phase  from  the  nominal- length  performance  was  calculated  (2.7 
degrees  in  the  example  illustrated).  Next,  the  performance  with 
a  length  increased  3%  was  compared  with  nominal;  the  insertion- 
phase  change  at  broadside  incidence  was  again  calculated  (8.3 
degrees).  A  simple  linear  interpolation  yields  1.8%  as  the 
"standard  tolerance"  on  length  for  this  example,  based  on  5°  in¬ 
sertion  phase.  Standard  tolerances  based  on  reflection  were 
determined  in  a  similar  manner. 
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Figure  4-4  Method  for  Determination  of  Tolerance 
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Single-Element  Deviations 

The  most  critical  length  in  a  Chebyshev  filler  is  the 
center  length  because  this  length  corresponds  to  the  highest  Q 
resonator.  Figure  4-5  shows  the  percent  standard  tolerance  on 
one  center  length,  based  on  5°  A$i,  plotted  vs.  the  nominal 
rejection  at  45°  in  the  H-plane  for  various  filters.  A  clear 
trend  of  tighter  tolerances  required  for  greater  rejection  is 
evident,  regardless  of  passband  width  or  ripple  level.  Increas¬ 
ing  the  number  of  poles  yields  greater  rejection  for  a  given 
tolerance  in  most  cases. 

A  similar  presentation  is  given  in  Figure  4-6  for  the  per¬ 
cent  standard  tolerance  on  one  center  length,  based  on  0.^  A R. 
Again,  a  clear  trend  of  tighter  tolerances  required  for  greater 
rejection  is  evident,  as  well  as  a  greater  rejection-tolerance 
product  with  increasing  number  of  poles.  For  any  particular  filter 
the  tolerances  based  on  0.2  AR  are  looser  than  the  tolerances 
based  on  5°  A$i. 

The  tolerances  on  susceptance  have  trends  similar  to  those 
given  above  when  the  case  of  susceptance  at  the  edge  of  the  filter 
is  considered.  Figure  4-7  shows  the  percent  standard  tolerance  on 
one  edge  susceptance,  based  on  5®  A<J>i,  plotted  vs.  the  rejection 
at  45°.  Figure  4-8  shows  the  tolerance  based  on  0.2  AR.  It  is 
evident  that  on  a  percentage  basis,  these  edge  susceptance  toler¬ 
ances  are  substantially  looser  than  the  center  length  tolerance. 
Center  susceptance  tolerances,  not  shown  here,  do  not  have  a  clear 
trend  of  tigher  tolerances  with  increasing  rejection.  Instead, 
the  center  susceptance  tolerances  are  typically  3  to  10%  based  on 
5°  A<f>i,  and  are  typically  20%  or  more  based  on  0.2  AR. 

All-Element  Cumulative  Deviations 

The  "standard  tclerances"  discussed  so  far  have  assumed  that 
only  one  length  or  one  susceptance  in  the  filter  deviates  from 
the  nominal  value.  This  assumption  is  obviously  optimistic. 

Another  assumption  that  can  be  made  is  that  all  the  lengths  or 
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Figure  4-5  Tolerance  on  Center  Length  vs.  Rejection, 

for  5°  Allowable 
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t  TOLERANCE  FOR  0.2  AR  -  EDGE  B 


Figure  4-8  Tolerance  on  Edge  Susceptance  vs.  Rejection, 

for  0.2  AR  Allowable 
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all  the  susceptances  deviate  in  such  a  way  as  to  create  the 
greatest  effect.  This  assumption  is  used  in  the  following. 

For  the  length  tolerances  based  on  A$i,  the  greatest  dev* 
iation  of  4>i  occurs  when  all  the  length  deviations  have  the 
same  sign.  Figure  4*9  shows  this  case,  based  on  a  5°  A$i.  As 
expected,  the  allowed) le  tolerance  on  length  is  tighter  for  this 
worst-case  assumption  than  it  is  when  only  one  length  deviates, 
as  may  be  seen  by  comparison  with  Figure  4-5. 

For  the  length  tolerances  based  on  AR,  the  greatest  devia¬ 
tion  of  R  occurs  when  successive  length  deviations  have  alter¬ 
nating  signs.  Figure  4-10  shows  this  case,  based  on  a  0.2  AR. 
Again,  the  allowable  tolerance  on  length  is  tighter  for  this 
worst-case  assumption  than  it  is  when  only  one  length  deviates, 
as  may  be  seen  by  comparison  with  Figure  4-6. 

For  the  susceptance  tolerances  based  on  A<J>i,  the  greatest 
deviation  of  <J>i  appears  to  occur  when  all  the  susceptance  devi¬ 
ations  have  the  same  sign.  For  the  susceptance  tolerances  based 
on  AR,  the  greatest  deivation  of  R  is  expected  to  occur  when 
successive  susceptance  deviations  have  alternating  signs. 
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Figure  4-9  Tolerance  on  All  Lengths  Cumulat 

jection  for  5°  Allowable 
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Figure  4-10  Tolerance  on  All  Lengths  Cumulative  vs 

jecrion ,  for  0.2  AR  Allowable 


SECTION  5 

FILTER  FABRICATION 

5 . 1  INTRODUCTION 

In  the  previous  sections  of  this  report  the  spatial  filter 
was  discussed  in  general  terms  with  minimal  detail  given  to 
practical  considerations  of  materials,  filter  size  and  fabrica¬ 
tion  techniques.  It  is  the  objective  of  this  section  to  apply 
the  results  reported  in  section  4  to  the  limitations  of  some  of 
the  methods  of  fabricating  the  elements  comprising  a  spatial 
filter. 

5.2  FILTER  STRENGTH 

In  section  4  of  this  report  a  design  philosophy  is  outlined 
that  emphasizes  using  the  filter's  affect  on  the  antenna 
characteristics  of  reflection  coefficient  and  near-in  sidelobe 
levels  as  the  principal  considerations  in  selecting  the  most 
appropriate  filter  type  (A3^,B32,  etc.).  This  is  accomplished 
by  requiring  filter  dimensions  to  vary  within  "standard 
tolerances" .  The  standard  tolerances  are  based  upon  criteria 
of  acceptable  antenna  performance.  The  criteria  used  for  this 
report  are  arbitrary,  however  they  would  be  acceptable  for  many 
applications.  In  some  cases,  more  stringent  requirements  may  be 
warranted,  or  alternatively,  for  other  applications  less  strin¬ 
gent  criteria  would  be  acceptable.  In  any  event  the  "standard 
tolerance"  provides  a  convenient  method  of  comparing  various 
filters.  It  is  ffelt  that  by  adhering  to  the  "standard  toler¬ 
ance"  for  a  particular  application,  the  filter  will  have  the 
desirable  features  of  rejecting  antenna  far  sidelobes  with 
minimal  harmful  affect  within  the  filter  passband. 

Consider  figure  <-5,  which  shows  the  percentage  tolerance 
on  center  layer  spacing  required  to  maintain  the  insertion 
phase  variation  within  5°.  A  filter  requires  the  center 
length  to  be  held  within  1.1%  of  its  nominal  value.  An  A31 
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filter  requires  the  center  length  be  maintained  to  ±.45%, 
while  a  filter  has  a  tolerance  of  1.4%,  Cl  arly  a 
filter  would  be  the  easiest  to  construct;  however,  this  filter 
would  provide  the  least  rejection  of  far  sidelobes,  especially 
in  the  E-plane.  Conversely  an  A31  filter  would  provide  the 
greatest  reduction  in  far  sidelobes,  but  it  is  the  most  sensitive 
to  tolerances  and  therefore  may  substantially  degrade  the  side- 
lobes  within  the  filter  passband.  For  the  purpose  of  comparing 
the  rejection  capability  of  various  filters,  the  term  "filter 
strength"  is  defined  as  the  rejection  provided  at  a  45®  angle 
of  incidence.  Table  5-1  summarizes  the  filter  strength  and 
standard  tolerances  for  some  representative  filters. 

Note  in  table  5-1  that  the  standard  tolerances  are  specified 
as  a  percentage.  Since  the  layer  spacings  are  approximately  a 
half-wave  length  for  all  filter  types,  the  standard  tolerance 
expressed  in  inches  increases  as  frequency  decreases.  Mechan¬ 
ical  tolerances  on  length  are  in  general  fixed;  they  are  deter¬ 
mined  by  the  capabilities  of  the  fabrication  process  and  are 
specified  directly  rather  than  as  a  percentage  of  the  length. 
Therefore,  one  would  expect  that  a  "strong"  filter  that  would 
significantly  degrade  antenna  performance  at  a  high  frequency 
could  be  fabricated  at  a  lower  frequency  with  minimal  harmful 
effect  within  the  filter  passband  and  substantial  rejection  of 
far  sidelobes.  This  is  true,  eventhough  a  larger  filter  may 
be  required  for  lower  frequency  operation.  This  trend  is 
shown  in  figure  5-1  as  a  graph  of  allowable  rejection  vs. 
frequency  with  the  tolerances  on  insertion  phase  and  center 
length  as  parameters. 

One  of  the  requirements  of  this  investigation  was  to  design 
and  fabricate  a  5  ft.  x  5  ft.  filter  to  operate  at  approximately 
9.5  GHz.  The  selection  of  filter  strength  would  be  based  upon 
results  of  a  tolerance  analysis  and  a  survey  of  existing  fabrica¬ 
tion  techniques  that  emphasized  the  tolerances  that  could  be 
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expected  in  making  a  5  ft.  square  filter  panel.  This  selection 
is  discussed  in  section  5.5. 

5.3  SPACING  BETWEEN  LAYERS 

Since  the  spacing  between  layers  (lengths)  are  the  most 
sensitive  f.lter  dimensions,  the  spacing  material  and  its  man¬ 
ufacturing  technique  is  an  important  consideration.  An  ideal 
electrical  medium  would  have  a  dielectric  constant  of  one;  it 
would  be  homogenious  and  isotropic.  In  addition  the  medium 
would  have  the  mechanical  attribute  of  strength  to  support  the 
layer  susceptances,  and  it  would  also  be  accurately  fabricated 
to  the  desired  thickness. 

Two  alternative  materials  are  available  to  provide  the 
spacing  between  layers.  Each  approaches  the  ideal  medium  in 
some  manner,  and  each  fails  in  other  ways.  The  first  material 
is  dielectric  honeycomb.  The  second  material  is  a  low  dielectric 
constant  foam. 

Honeycomb  has  good  mechanical  properties.  It  can  provide 
the  mechanical  strength  required  to  support  the  layer  suscept¬ 
ances.  It  can  be  saw-cut  to  the  desired  thickness,  and  if 
needed  microsanded  to  achieve  excellent  uniformity  over  the 
filter  surface.  It  is  also  easy  to  splice  sections  of  honey¬ 
comb  together,  thereby  making  it  applicable  to  any  filter  size. 

Honeycomb  has  a  low  dielectric  constant,  which  can  be 
expected  to  have  repeatable  values  from  lot  to  lot.  Honeycomb 
is  not  isotropic,  and  the  electrical  length  between  filter 
layers  for  orthogonal  polarizations  will  be  slightly  different. 
Because  of  the  high-Q  resonant  nature  of  a  strong  filter,  the 
insertion  phase  of  such  a  filter  may  be  significantly  different 
for  orthogonal  linear  polarizations.  As  a  consequence  of  this 
effect,  the  filter  may  change  circular  polarization  to  elliptical. 
Another  effect  cause  by  the  non-isotropic  properties  of  honey¬ 
comb  is  that  the  passband  reflection  coefficient  may  be  different 
for  orthogonal  linear  por ar' nation.  In  this  investigation 
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linear  polarization  is  the  principal  one  that  is  considered* 
therefore,  any  filter  design  that  employes  honeycomb  construc¬ 
tion  would  be  designed  to  provide  the  best  performance  with 
linear  polarization. 

Low  dielectric  constant  foam  has  some  properties  that  are 
inferior  to  honeycomb,  especially  for  large  filters.  The 
principal  deficiency  is  the  uncertainty  in  obtaining  a  uniform 
dielectric  constant  over  the  entire  surface  of  the  filter. 
Accurate  electrical  measurements  of  the  dielectric  constant 
would  be  needed  at  small  increments  to  find  regions  of  exces¬ 
sive  resin  or  air  pockets.  Secondly,  to  obtain  a  dielectric 
constant  as  low  as  honeycomb  the  foam  would  not  possess  the  same 
mechanical  strength  as  the  honeycomb.  Honeycomb  is  selected 
as  the  material  to  provide  the  spacing  between  layers. 

5.4  METAL-GRID  SUSCEPTANCE  LAYERS 

The  crossed  grid  of  conductors  that  forms  a  susceptanee 
layer  could  be  constructed  by  using  a  number  of  techniques  as 
discussed  in  Section  3.  Either  a  contacting  or  non- contacting 
grid  would  provide  acceptable  performance.  The  selected 
approach  should  form  a  flat  plane  of  conductors,  with  the  precise 
position  of  each  plane  known  in  order  to  obtain  the  correct 
thickness  of  honeycomb  to  separate  the  susceptanee  layers.  A 
desirable  feature  of  any  crossed  grid  with  dielectric- support 
would  be  tc  obviate  the  need  to  design  special  conducting  joints 
at  the  interface  between  adjacent  sheets  of  dielectric-sup¬ 
ported  conductors.  Furthermore,  it  would  be  beneficial  to  use 
a  fabrication  technique  that  could  be  directly  extended  (with¬ 
out  additional  design  considerations)  to  filter  applications  at 
lower  frequencies  where  the  filter  would  presumably  be  larger 
than  the  5  foot  square  filter  designed  during  this  study. 

Of  the  techniques  discussed  in  Section  3,  an  insulated 
grid  of  round  wires  embedded  in  a  dielectric  supporting  sheet 


has  no  obvious  size  limitation.  It  can  pro* ide  a  large  flat 
panel  where  the  plane  of  wires  can  be  maintained  within  tight 
tolerances.  Since  each  wire  is  continuous  across  the  face  of 
the  dielectric  this  approach  requires  no  special  conducting 
joints.  Many  different  reflector  antennas  have  been  designed 
using  a  wired- skin/honeycomb  construction*  curved  as  well  as 
flat  filters  can  be  designed  using  this  technique. 

5.5  CHOICE  OP  FILTER  STRENGTH 

A  survey  of  potential  vendors  capable  of  fabricating  a 
5x5  foot  filter  using  a  honeycomb/wire-grid  construction 
showed  that  the  crucial  tolerance  on  spacing  between  layers 
could  not  be  reliably  held  to  closer  than  about  ±0.006". 

Based  upon  the  concept  of  a  5°  allowable  insertion  phase  varia¬ 
tion,  a  B32  filter  would  require  the  center  length  spacing  to 
be  maintained  within  ±0.0055".  As  was  indicated  in  table  5-1, 
stronger  filters  such  as  an  A^  filter  would  require  a  ±0.002" 
tolerance  on  the  center  length  and  a  &32  or  B3^  filter  would 
require  ±0.0035".  A  weaker  filter  such  as  a  C^  requires 
tolerances  that  can  more  easily  be  achieved  by  a  quality  plastics 
vendor,  but  provides  less  rejection.  A  b32  filter  is  therefore 
considered  to  be  a  good  compromise  between  fabrication  toler¬ 
ances  and  electrical  performance  at  9  GHz.  It  is  the  filter 
that  has  been  constructed  and  tested  in  this  program. 

5.6  COMPUTED  PERFORMANCE  OF  PRACTICAL  SPATIAL  FILTER 

The  practical  considerations  of  providing  mechanical  in¬ 
tegrity  requires  that  each  metal-grid  layer  be  embedded  in  a 
dielectric  skinf  and  the  spacing  between  layers  be  maintained  by 
dielectric  core  material.  Both  the  spacers  and  the  skins  can 
have  an  effect  on  the  performance  of  the  spatial  filter  (ref.  1) . 

The  honeycomb  has  a  dielectric  constant  only  slightly 
greater  then  unity.  A  low  dielectric  constant  is  desired  in 
order  to  retain  the  wave  angle  within  the  filter  as  close  as 
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possible  to  the  angle  of  incidence  at  the  filter  surface.  The 
spacing  between  layers#  first  computed  on  the  ba  is  of  an  air 
core#  is  decreased  to  account  for  the  effect  of  the  dielectric 
constant.  Honeycomb  has  a  slightly  different  dielectric  constant 
for  orthogonal  planes  of  incidence)  the  average  dielectric  con¬ 
stant  was  used  to  re-compute  the  layer  spacings. 

One  of  the  attributes  of  using  a  honeycomb  construction  is 
the  ability  to  piece  together  honeycomb  sections  to  make  a 
filter  panel  much  larger  than  the  size  of  honeycomb  stock.  In 
order  to  obtain  uniform  electrical  spacing  between  two  layers 
of  wire  grids,  the  honeycomb  ribbon  should  always  be  oriented  in 
the  same  direction  within  any  two*  layer  sandwich.  Furthermore, 
length  tolerances  based  on  AR  (ref.  1)  show  that  the  greatest 
deviation  of  reflection  coefficient  occurs  when  successive  length 
deviations  have  alternating  signs.  To  minimize  the  effect  on 
reflection  coefficient  the  ribbon  direction  was  therefore 
oriented  in  the  same  direction  for  all  layers. 

The  effect  of  a  dielectric  skin  on  the  passband  of  the 
spatial  filter  can  be  compensated  approximately  by  a  change  in 
susceptance  of  the  metal  grid  as  discussed  in  section  3.  The 
effect  in  the  reject  band  is  to  modify  the  E-plane  characteristic 
as  discussed  in  Reference  1. 

When  the  dielectric  modifications  discussed  above  are  made 
to  the  design  parameters  of  the  filter  given  in  table  4-2, 
the  filter  characteristics  can  be  recomputed  including  the  effect 
of  the  dielectric  material.  Figure  5-2  shows  the  resulting  cal¬ 
culated  H-plane  and  E-plane  transmission  characteristics.  It  is 
of  interest  to  compare  these  transmission  characteristics  to 
those  of  the  all-metal  prototype  filter  shown  in  figure  4-3. 

First  the  passband  width  is  wider  with  dielectric  material 
added  to  the  filter.  This  is  in  part  caused  by  refraction  at 
the  boundary  between  the  dielectric  core  and  free  space.  The 
bending  of  the  incident  wave  as  it  passes  into  the  dielectric 
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reduces  the  angle  of  incidence  on  the  layer  susce>  nances  within 
the  filter.  The  rejection  a  filter  provides  i^  .rectly  re¬ 
lated  to  the  angle  of  incidence  of  the  wave  on  the  layer  sus- 
ceptances,  and  the  rejection  obtained  at  a  given  angle  of  free- 
space  incidence  for  a  filter  with  dielectric  added  will  be  less 
than  it  is  with  the  all-metal  prototype  filter  near  the  edge  of 
the  passband.  Alternatively,  the  passband  width  of  a  filter 
with  dielectric  will  be  wider  than  that  of  the  all-metal  proto¬ 
type  filter. 

The  other  contribution  to  the  increase  in  passband  width 
of  this  filter  with  dielectric  material  is  caused  by  the  approxi¬ 
mate  computational  technique  used  to  re-adjust  the  layer  tus- 
ceptances  with  dielectric  support.  The  equation  presented  in 
Section  3  is  a  lumped  susceptive  representation  of  a  dielectric 
skin.  This  formula  is  a  good  approximation  for  dielectric  that 
is  electrically  very  thin.  The  dielectric  skin  supports  used  in 
fabricating  the  filter  for  this  investigation  deivate  sufficient¬ 
ly  from  the  lumped  approximation  that,  if  a  precise  reproduction 
of  the  passband  characteristics  of  the  all-metal  filter  was 
needed,  a  more  refined  synthesis  technique  would  have  to  be 
used.  Since  the  filter  with  a  simple  synthesis  provides  nearly 
the  same  rejection  in  the  region  of  space  that  is  of  concern  in 
this  study,  it  was  felt  that  the  development  of  a  refined 
filter  synthesis  was  not  warranted  to  demonstrate  the  main 
feature  of  the  spatial  filter:  the  rejection  of  antenna  far 
sidelobes. 

The  effect  of  dielectric  on  the  performance  of  the  spatial 
filter  in  the  E-plane  is  beneficial  very  near  grazing  incidence. 
In  this  reqion  of  space  the  susceptance  of  the  grid  is  approach¬ 
ing  zero;  however,  the  dielectric  presents  a  large  reflection 
thereby  providing  most  of  the  filter's  E-plane  rejection. 

This  effect  is  apparent  when  comparing  Figure  5-2  with  Figure 
4-3. 
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During  the  first  phase  of  this  investigation  measurements 
were  made  of  metal  grids  with  dielectric  support  in  waveguides 
simulating  angles  near  grazing  in  the  E-plane  (Ref,  1) ,  The 
results  of  these  measurements  showed  that  the  transmission  loss 
of  a  metal  grid  with  dielectric  was  less  than  the  calculated 
values.  The  transmission  calculations  assume  no  interaction 
between  the  metal  grid  and  the  dielectric  support  (these  cal¬ 
culations  do  include  the  exact  transmission-line  model  of  a 
dielectric  skin) .  It  was  concluded  from  these  measurements  that 
the  interaction  is  detrimental  to  the  E-plane  transmission 
characteristic,  notably  near  60°  incidence  angle.  It  is  pre¬ 
sumed  that  the  reduction  in  transmission  loss  of  a  single  grid 
with  dielectric  would  also  occur  for  incidence  angles  less  than 
60°;  however,  the  waveguide  simulator  was  limited  to  a  minimum 
angle  of  incidence  of  60°. 

The  calculated  E-plane  transmission  characteristic  shown 
in  Figure  5-2  does  not  include  the  measured  interaction  effect. 
Therefore  the  actual  reflection  of  the  filter  with  dielectric 
should  be  less  than  that  shown  in  Figure  5-2.  This  result  is 
shown  in  Section  6  where  measured  performance  of  the  spatial 
filter  is  presented. 

5.7  FABRICATION  TOLERANCE  CONTROL 

During  fabrication  of  the  spatial  filter  the  individual 
skins  and  honeycomb  were  measured  prior  to  assembly  to  ascertain 
whether  the  filter  would  meet  the  dimensional  requirements.  The 
thickness  of  the  skins  and  honeycomb  were  measured  using  a 
template  with  periodically  spaced  holes  that  would  permit  read¬ 
ings  every  3"  of  radius  for  each  30°  of  arc,  thereby  providing 
an  extensive  profile  of  the  dimensions  of  the  filter  components. 
The  wire  spacing  was  also  inspected. 
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Table  5-2  summarizes  the  dimensional  measure  ents.  The 
thickness  uniformity  of  the  honeycomb  is  excel!  1  *  The 

maximum  peak-to-peak  deviation  over  a  25  square  foot  surface  is 
0.005",  while  the  standard  deviation  is  only  0.0008".  The  skins 
are  also  quite  uniform.  In  final  assembly  the  skins  are  bonded 
to  the  honeycomb  using  a  thin  film  adhesive.  It  was  therefore 
concluded  that  the  resulting  sandwich  should  meet  the  ±  0.006” 
tolerance  on  layer  spacing. 

Although  the  honeycomb  uniformity  is  excellent,  the  filter 
manufacturer  mistakenly  obtained  honeycomb  thicker  than  our 
drawing  callout.  This  resulted  in  a  center  frequency  of  opera¬ 
tion  of  9.1  GHz,  rather  than  9.5  GHz.  The  filter  performance 
was  evaluated  for  the  thicker  honeycomb  and  it  was  determined 
that  this  filter  would,  fortunately,  have  performance  similar 
to  that  of  the  original  filter  designed  to  operate  at  9.5  GHz. 
For  this  reason,  and  because  no  specific  X-band  frequency  was 
required  for  this  investigation,  the  thicker  honeycomb  was 
accepted  and  construction  of  the  filter  was  accomplished  without 
the  delay  and  risk  that  would  have  occurred  if  a  second  set  of 
honeycomb  cores  had  been  ordered. 
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Table  5-2 


Summary  of  Measurements  on  Dielectric  Core 
Thickness  and  Dielectric  Skin  Thickness 


#  of 

Mean 

Stand. 

Components 

Measurements 

Thickness 

Deviation 

Skins 

134 

0.0348" 

1.1  x  10”3 

Inner- 

Layer  Honeycomb 

Outer- Layer 

82 

0.5130" 

8.1  x  10~4 

Honeycomb 

#1 

82 

0.4586 

7.7  x  10-4 
-4 

*2 

82 

0.4589 

7.3  x  10  * 

SECTION  6 


SPATIAL  FILTER  ELECTRICAL  TESTS 

6 . 1  INTRODUCTION 

In  general/  the  purpose  of  a  test  program  Is  to  demonstrate 
the  performance  of  the  unit  under  test  by  comparison  to  a  speci¬ 
fication.  A  specification  stating  the  filter's  passband  and 
reject-band  characteristics  could  be  used  as  the  only  criterion 
for  judging  the  spatial  filter  performance;  however,  measure¬ 
ments  on  the  filter  alone  would  not  consider  one  of  the  principal 
issues  to  be  studied  during  this  investigation.  This  issue 
relates  to  the  interaction  between  a  filter  and  an  antenna.  The 
interaction  between  antenna  and  filter  was  examined  by  measuring 
the  filter  in  conjunction  with  a  reflector  antenna.  In  addition 
measurements  were  made  to  determine  the  filter's  passband  and 
reject  band  characteristics.  These  measurements  will  be  com¬ 
pared  to  the  calculated  filter  performance  discussed  in 
Section  5. 

6.2  MEASUREMENT  OF  FILTER-ANTENNA  INTERACTION 

There  are  two  types  of  reflections  from  the  angular  filter. 
The  first  type  is  the  reflection  within  the  passband  of  the 
filter;  the  second  type  is  the  reflection  in  the  reject  band. 

Both  of  these  reflections  can  affect  the  overall  antenna-filter 
performance.  Since  the  filter  affects  radiation  by  reflection, 
some  of  the  rejected  power  may  be  trapped  between  the  antenna 
and  the  filter.  This  power  is  initially  reflected  back  to  the 
antenna  aperture  where  it  may  be  in  part  absorbed  by  the  antenna 
feed  and  in  part  reflected  back  to  the  filter.  Some  of  the 
power  reflected  back  to  the  filter  may  now  pass  through  the 
filter.  This  process  continues  until  all  the  reflected  power 
is  either  absorbed  by  the  antenna  feed  or  is  radiated  within 
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the  filter  angular  passband.  Rower*  absorbed  by  the  feed  will 
manifest  itself  as  an  increase  of  antenna  refle. txon  or  VSWR. 
Power  re-radiated  within  the  filter  passband  will  in  general 
increase  the  near-in  antenna  sidelobes. 

6.3  MEASUREMENT  OF  THE  FILTER  WITH  A  PARABOLIC  REFLECTOR 

One  of  the  applications  of  a  spatial  filtet  is  with  a 
conventional  patfabolic-ref lector  aritenna.  The  filter  would  be 
used  to  reduce  the  sidelobes  produced  by  feed  spillover,  feed 
support  struts,  and  dish  deformations.  Manyef  these  sidelobes 
Occur  within  the  angular  reject  band  of  the  filter.  A  typical 
reflector  pattern  illustrating  the  side lobe  structure  is  shown 
in  figure  6- la.  If  a  spatial  filter  Were  placed  in  front  of 
the  reflector  with  an  absorbing  shroud  enclosing  the  reflector, 
the  ideal  pattern  produced  by  the  fllter-ariterma'  combination 
is  shown  in  figure  6-lb.  In  figure  6-lb  the  far  sidelobes  are 
reduced,  the  near- in  sidelobes  are  unchanged,  and  the  main  ' 
beam  is  passed  without  attenuation.  In  practice,  the  near- in 
sidelobes  will  be  perturbed  and  the  main  beam  may  be  Slightly 
attenuated.  .  .  ••  i 

Consider  figure  6-2,  which  shpws  a  flat  untilted  filter 
in  front  of  a  reflector  antenna.  By  using  ray  tracing  it  is 
seen  that  most  of  the  feed  spillover  radiation  that  is  incident 
on  the  filter  is  reflected  by  the  filter .  towards,  the  periphery 
of  the  antenna.  A  ring  pr,  shpoud  of  absorber .  placed ,4s  shown . 
in  figure  6-2  will  prevent  this  power  from  radiating.  The 
absorber  will  also  intercept  the  spillover  power  not  -incident 
on  the  filter. 

The  filter-antenna  configuration  of  figure  6-2  is  now 
considered  with  respect  to  the  power  scattered  by  the  feed  v 
support  strut.  Assuming  the  struts  are  attached  to  the 
reflector  at  its  edge ,  the  principle  scattering  components 
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i)  Typical  Reflector  Pattern 


(b)  Ideal  Pattern  of  a  Reflector  with  Filter 


1  Ideal  Performance  of  a  Filter/Reflector  Ani 
Combination 
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Figure  6-2  Feed  Spillover  Reflection  Effects  with  Filter 
and  Absorber 
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may  be  viewed  as  shown  in  figure  6-3.  Energy  is  scattered 
over  the  angular  region  lying  along  the  surface  of  the  cone. 

The  forward  part  of  the  diffraction  cone  will  be  transmitted 
through  the  passband  of  the  filter;  this  portion  may  be 
represented  as  the  familiar  aperture-blocking  component  of  the 
strut  scattering.  The  component  of  scattering  that  is  shown 
in  a  downward  direction  in  figure  6-3 (a) ,  will  be  absorbed. 

The  sideward  component  of  scattering,  as  shown  in  figure  6-3 (b) 
will  in  part  be  absorbed  and  in  part  radiate  within  the  angular 
passband  of  the  filter. 

Reflections  within  the  passband  of  the  filter  are  caused 
principally  by  tolerances.  The  nominal  filter  reflection 
coefficient  at  broadside  in  theory  is  small,  however,  as  dis¬ 
cussed  in  Reference  1  tolerances  in  practice  may  cause  a 
substantial  reflection.  Furthermore,  the  main  beam  of  the 
antenna  contains  a  substantial  amount  of  power  and  therefore 
even  a  small  reflection  coefficient  may  produce  reflected 
power  levels  comparable  to  the  near-in  sidelobe  levels.  The 
best  approach  for  minimizing  the  sidelobes  produced  by  pass- 
band  reflection  is  to  adhere  to  a  tight  tolerance  budget,  for 
example,  as  proposed  in  section  4  of  this  report. 

Figure  6-4  illustrates  the  arrangement  used  for  measuring 
the  filter  in  conjunction  with  a  parabolic  reflector  antenna. 
The  reflector  is  40  inches  in  diameter,  and  the  filter  is 
placed  2"  beyond  the  feed  for  the  reflector.  The  absorber 
shown  in  figure  6-4  is  attached  to  a  5  ft.  cubic  wooden  frame. 

A  slot  in  the  front  of  the  frame  allows  the  filter  to  be 
removed  without  disturbing  the  absorber  panels.  A  standard 
gain  horn  is  mounted  as  shown  on  the  wooden  frame.  Its  purpose 
is  to  compare  reflector  antenna  signal  levels  with  and  without 
the  filter.  Figure  6-5  shows  the  filter  on  the  antenna  range. 
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and  Absorber 


The  objectives  of  these  measurements  are  (1),  to  measure 
the  reduction  of  far  sidelobes;  (2)»  to  measure  the  change  of 
the  near-in  sidelobe  level;  and  (3),  to  measure  the  change  of 
antenna  gain  when  the  filter  is  added.  Appendix  A  presents 
a  collection  of  reflector  antenna  patterns  measured  with  and 
without  the  filter.  As  an  example  of  the  measured  performance 
consider  the  following  selection  of  patterns  shown  in  Appendix  A. 
Figure  A-19  is  a  measured  H-plane  pattern  of  the  reflector 
alone  at  the  nominal  design  frequency  9.1  GHz.  Figure  A-27 
shows  the  same  pattern  cut  with  the  filter.  In  order  to 
simplify  the  comparison  figure  6-6  shows  an  overlay  of  the  two 
patterns.  The  following  items  are  noteworthy: 

(1) ,  beyond  30°  the  filter  substantially  reduces  the 

antenna  side lobes;  and 

(2) ,  the  near-in  sidelobes  are  perturbed  by  less  than 

about  +ldB  at  a  level  between  -20  dB  and  -30  dB, 

Figure  6-7  shows  the  results  of  comparing  the  gain  of  the 
reflector  with  filter  to  the  gain  of  the  reflector  alone  as  a 
function  of  frequency  within  the  frequency  passband  of  the  filter. 
The  measurements  are  accurate  to  about  +0.5  dB.  The  average 
loss  of  the  filter  over  its  frequency  passband  appears  to  be 
about  0.5  dB.  Computation  of  the  loss,  assuming  reasonable 
values  for  the  loss  tangents  of  the  dielectric  skins  and  honey¬ 
comb  cores  yields  a  passband  loss  of  about  0.3  dB. 

Figure  A-3  is  a  measured  E-plane  pattern  of  the  reflector 
alone  at  the  nominal  design  frequency.  Figure  A-ll  is  the 
same  pattern  cut  measured  with  the  filter.  As  expected  the 
E-plane  rejection  of  far-sidelobes  is  not  as  substantial  as  the 
H-plane  far  sidelobe  rejection.  The  change  in  near-in  sidelobes 
is  approximately  the  same  as  the  change  in  H-plane  sidelobes. 
Figure  6-8  is  an  overlay  of  the  E-plane  patterns  discussed 
above . 
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re  6-6  Overlay  of  H  -  Plane  Reflector  Antenna  Pattern.-  Fi  1  and  Without 
Filter 


f  !  Figure  €-7  Difference  in  Gain  of  Reflector  Antenna  with 

[  Filter  Added 
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6.4  MEASUREMENT  OP  A  SPATIAL  FILTER  WITH  A  REFLECTOR  ANTENNA 

AND  A  GRATING 

Another  application  of  a  spatial  filter  is  with  an  antenna 
that  is  scanning  over  a  limited  angular  region.  For  a  scan¬ 
ning  beam  antenna ,  the  angular  passband  of  the  filter  can 
encompass  the  scan  region  so  that  the  main  beam  is  always 
passed  but  potential  grating  lobes  may  be  rejected.  This 
application  was  suggested  by  Mailloux  (Reference  2) . 

In  order  to  simulate  a  limited  scan  antenna/  a  vertical 
grating  of  metal  rods  was  added  to  the  test  arrangement  dis¬ 
cussed  in  section  6-3.  Figure  6-9  illustrates  the  grating 
used  with  the  reflector  antenna  and  the  filter.  The  spacings 
between  the  various  elements  are  noted  on  the  figure.  The 
resulting  radiation  pattern  at  9.1  GHz  is  shown  in  Appendix  B 
Figure  B-3.  The  grating  adds  two  beams  at  approximately  +45° 
from  the  main  beam  at  about  a  -10  dB  level  with  respect  to  the 
main  beam.  Figure  B-13,  is  the  same  pattern  cut  as  figure  B-3 
but  with  the  filter  in  front  of  the  antenna/grating  assembly. 
Figure  6-10  is  an  overlay  of  these  two  patterns  showing  the 
effect  of  the  filter.  It  is  evident  that  the  grating  lobes 
are  substantially  reduced  by  the  filter. 

rt  appears  that,  upon  examining  the  variation  of  gain 
of  the  patterns  in  Appendix  B  with  frequency,  a  significant 
portion  of  the  grating-lobe  power  that  is  reflected  by  the 
filter  is  focused  onto  the  feed.  Consider  a  wave  at  normal 

incidence  on  a  grating.  It  produces  two  radiating 
beams  at  approximately  +45°  with  respect  to  the 
main  radiation  and  a  similar  set  of  reflected  beams, 

A  portion  of  the  reflected  power  is  focused  onto  the 

the  ref 1 actor.  Now  let  one  of  the  radiated  grating  lobes  be 

incident  on  the  grating  as  a  result  of  being  reflected  from 


6-13 


the  filter.  The  phasing  across  the  array  of  rods  produces  its 
own  set  of  beams  as  described  above  and  as  show?'  In  Figure  6-11. 
Some  of  this  power  is  also  focused  onto  the  feed.  The  phase 
differences  between  all  contributing  reflected  components  is 
evidenced  by  the  fluctuations  in  antenna  gain  as  a  function  of 
frequency.  These  reflected  components  may  also  contribute 
to  the  changes  in  the  near  side lobes  that  can  be  seen  in 
Figure  6-10. 

6.5  MEASUREMENT  OF  TRANSMISSION  CHARACTERISTIC  OF  FILTER 

One  method  that  may  be  enqployed  to  measure  the  transmission 
characteristic  of  the  spatial  filter  is  to  measure  the  E- 
plane  and  H-plane  patterns  of  a  small  horn  with  and  without  the 
filter.  A  horn  is  selected  that  has  a  much  wider  pattern  in 
the  E-plane  and  H-plane  than  the  filter  passband;  therefore, 
a  spatial  filter  placed  in  front  of  the  horn  modifies  these 
patterns  by  its  transmission  characteristics  as  shown  in 
figure  6-12.  A  simple  comparison  of  the  measured  patterns 
for  a  particular  pattern  plane  gives  the  transmission  character¬ 
istic  of  the  filter. 


In  Appendix  C,  Figures  C-3  and  C-17  show  the  H-plane  and 
E-plane  patterns  of  the  small  horn  used  for  these  tests. 

Figures  C-10  and  C-24  ai«  the  same  patterns  with  the  filter- 
horn  combination.  The  difference  between  the  pattern  sets  will 
give  the  H-plane  and  E-plane  filter  characteristics.  The 
results  of  the  subtraction  are  shown  in  Figure  6-13  for  the 
frequency  9.1  GHs .  The  computed  results  shown  in  Figure  5-2 
are  repeated  in  Figure  6-13,  together  with  the  measured  results. 
(It  is  noted  that  the  dynamic  range  of  the  measurement  system 
precluded  the  determination  of  filter  characteristics  at 
levels  below  -20  dB) .  The  agreement  between  measured  and 
calculated  results  is  reasonably  good  in  the  H  plane  of 
incidence . 
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Figure  6-13  Measured  H-Plane,  E-Plane  Transmission 
Characteristics,  9.1  GHz 
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The  measured  rejection  in  the  E  plane  is  less  than  the 
calculated  rejection.  This  result  in  the  E  plane  i*j  not 
unexpected  since  measurements  in  a  near-grazing  E-plane 
simulator  (Reference  1)  showed  that  the  rejection  of  a  single 
crossed  grid  of  metal  wires  embedded  in  a  dielectric  skin 
was  less  than  the  computed  rejection.  There  is  no  evidence 
of  any  spurious  passband  in  the  E-plane  spatial  filter  measure¬ 
ments  . 

Figure  6-14  shows  the  measured  and  computed  H-plane 
filter  transmission  characteristics  at  some  frequencies  below 
and  above  the  filter  midband  frequency.  The  basic  trend  of 
increasing  angle  with  increasing  frequency  that  is  inherent 
with  this  type  of  spatial  filter  is  apparent.  The  filter 
bandwidth  for  passing  a  wave  at  0°  incidence  is  related  to 
the  angular  passband  width  by  the  following  approximate 
relation  (see  Reference  1) : 


where  ■  midband  frequency 

6  »  angular  passband  width  (radians)  at  midband 

v 

Taking  the  passband  width  at  midband  (9,1  GHz)  from  the 
calculated  H-plane  curve  shown  in  Figure  6-13 ,  this  relation 
gives  a  Af  of  about  1  GHz,  or  +  0.5  GHz  from  9.1  GHz.  The 
results  shown  in  Figure  6-14  are  reasonably  close  to  this 
estimate . 

In  the  fourth  plot  in  Figure  6-14 ,  the  filter  transmission 
characteristic  is  shown  at  10.0  GHz.  This  frequency  is  sub¬ 
stantially  above  the  normal  frequency  band  of  the  filter,  so 
there  is  a  substantial  amount  of  rejection  at  0°  incidence 
angle.  This  case  actually  is  an  example  of  a  spatial  filter 
with  an  off-broadside  passband  (see  Reference  1) ,  which  may  be 
useful  for  certain  applications. 
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Figure  6-14  Measured  and  Calculated  H-Plane  Transmission 
Characterisitcs  at  Various  Frequencies 
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6.6  MEASUREMENT  OF  THE  REFLECTION  COEFFICIENT  AT  BROADSIDE 

In  order  to  measure  the  reflection  coefficient  of  the 
spatial  filter  at  0°  Incidence,  the  parabolic  reflector 
antenna  was  used  to  illuminate  the  filter  panel.  With  the 
filter  panel  oriented  for  0°  incidence,  three  sets  of  reflection 
data  were  recorded.  The  first  was  with  the  reflector  radiating 
within  the  absorber  enclosure  shown  in  Figure  6-4,  but  without 
the  filter.  Next,  reflection  data  was  measured  with  the 
filter  in  place.  Finally,  a  short-circuit  reference  measure¬ 
ment  was  made  using  a  metal  sheet  substituted  at  the  plane 
of  the  filter.  This  reference  measurement  was  used  to  correct 
the  filter  reflection  data  for  loss  in  the  antenna  system. 

All  reflection  readings  were  taken  at  closely-spaced  frequencies 
to  be  certain  that  the  measurement  included  the  reflection 
ripple  produced  by  reflection  components  separated  by  many 
wavelengths. 

Figure  6-15  shows  the  measured  reflection  coefficient  of 
the  antenna  alone  (dots) ,  and  the  corrected  reflection 
coefficient  of  the  antenna  plus  filter  (circles) .  The 
difference  between  the  two  is  shown  by  vertical  lines  and  is 
an  indication  of  the  reflection  coefficient  of  the  filter 
alone  (since  phase  was  not  measured,  this  data  can  only  be 
used  as  a  qualitative  indication  of  the  filter  reflection) . 

It  is  seen  that  over  the  8.6  to  9.6  GHz  frequency  band  of  the 
filter,  the  difference  between  the  two  measurements  is 
consistently  small  (less  than  about  0.1),  while  above  9.6  GHz 
some  of  the  differences  become  substantial  as  would  be 
expected  from  the  increased  filter  reflection  corresponding 
to  the  beginning  of  the  reject  band. 
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Figure  6-15  Measured  Reflector  Data  of  Filter  with  Reflector  Antenna 
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CONCLUSIONS 


This  final  report  describes  the  design,  fabrication  and 
test  of  a  metal-grid  spatial  filter.  The  concepts,  analysis, 
and  metal-grid  tests  that  form  the  basis  for  the  design  are 
described  in  the  interim  report  (Reference  1) . 

The  spatial  filter  that  has  been  developed  is  a  5  x  5 
foot  flat  panel  incorporating  4  layers  of  crossed  wire  grids 
in  a  supporting  structure  of  dielectric  skins  and  dielectric 
honeycomb  material.  The  filter  operates  at  9  GHz . 

Tests  of  the  spatial  filter  have  yielded  the  following 
results: 

(1)  The  measured  rejection  vs.  angle  of  incidence  in 
the  H  plane  is  close  to  the  calculated  rejection. 

(2)  In  the  E  plane  of  incidence  the  measured  rejection 
vs «  angle  is  less  than  the  calculated  rejection.  This 
result  was  expected  from  the  simulator  measurements  of  metal 
grids  embedded  in  dielectric  that  were  reported  earlier 
(Reference  1) . 

(3)  There  was  no  evidence  of  a  spurious  passband  in 
the  E  plane  of  incidence.  This  result  also  correlates  with 
the  simulator  measurements  reported  earlier. 

(4)  Placing  the  spatial  filter  in  front  of  a  reflector 
antenna  produced  a  significant  reduction  of  the  antenna 
sidelobes  in  the  angular  reject  band  of  the  filter  beyond  30°. 

(5)  The  antenna  near  sidelobes  within  the  angular 
passband  of  the  filter  were  only  slightly  affected  by  addition 
of  the  filter.  This  demonstrates  that  the  choice  of  filter 
strength  (amount  of  rejection)  was  sufficiently  conservative. 
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and  that  the  critical  filter  to?erances  that  affect  insertion 
phase  and  reflection  at  0°  incidence  were  properly  controlled. 

(6)  The  filter  reflection  coefficient  and  loss  at 
normal  incidence  appeared  to  be  reasonably  small. 

(7)  The  frequency  bandwidth  of  filter  operation  at 
normal  incidence  confirmed  the  theoretical  relation  between 
frequency  bandwidth  and  angular  passband  width. 

The  following  general  conclusions  are  derived  from  the 
complete  program  of  investigation  of  the  metal-grid  spatial 
filter: 

(1)  In  designing  a  metal-grid  spatial  filter  (or  any 
similar  type  of  spatial  filter  that  relies  on  resonance  between 
multiple  highly-reflecting  layers) ,  the  choice  of  filter 
strength  should  be  governed  by  the  tolerances  that  are 
achievable  on  spacing  between  the  layers  of  metal  grids. 

The  result  should  he  an  insertion  phase  variation  and  a 
reflection  coefficient  at  0°  incidence  that  are  small  enough 
to  avoid  a  significant  degradation  of  the  antenna  near  sidelobes. 

(2)  This  practical  limitation  on  strength  of  the  filter 
becomes  less  severe  at  lower  frequencies. 

(3)  Since  the  angular  passband  width  of  this  type  of 
spatial  filter  is  related  to  the  frequency  bandwidth  of  the 
filter,  the  angular  passband  should  be  chosen  wide  enough 
to  satisfy  the  frequency  bandwidth  requirements. 

(4)  The  presence  of  dielectric  supporting  material  in  the 
practical  metal-grid  spatial  filter  introduces  some  changes 

in  the  angular  passband  characteristic  that  should  be  considered 
if  precise  control  of  the  passband  characteristic  is  required. 

(5)  The  rejection  of  a  spatial  filter  using  crossed 
metal  grids  is  less  in  the  E  plane  of  incidence  than  in  the 
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H  plane.  This  E-plane  rejection  is  further  decreased  by 
the  addition  of  dielectric  supporting  material,  except  near 
grazing  incidence. 

(6)  The  insulated  crossed  grid  of  metal  wires  supported 
by  a  dielectric  sandwich  structure  provides  a  practical 
means  for  achieving  a  dual-polarized  spatial  filter  that  can 
be  constructed  ir  large  sizes. 
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APPENDIX  B 


MEASURED  PATTERNS  OF  A  REFLECTOR  ANTENNA  WITH  A  ORATING 
WITH  AND  WITHOUT  THE  SPATIAL  FILTER 
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MEASURED  PATTERNS  OP  A  HORN  WITH  AND  WITHOUT  THE  SPATIAL 

FILTER 
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of 
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